Dopamine D 4 receptor (D 4 R), which is strongly linked to neuropsychiatric disorders, such as attention-deficit hyperactivity disorder and schizophrenia, is highly expressed in pyramidal neurons and GABAergic interneurons in prefrontal cortex (PFC). In this study, we examined the impact of D 4 R on the excitability of these 2 neuronal populations. We found that D 4 R activation decreased the frequency of spontaneous action potentials (sAPs) in PFC pyramidal neurons, whereas it induced a transient increase followed by a decrease of sAP frequency in PFC parvalbumin-positive (PV+) interneurons. D 4 R activation also induced distinct effects in both types of PFC neurons on spontaneous excitatory and inhibitory postsynaptic currents, which drive the generation of sAP. Moreover, dopamine substantially decreased sAP frequency in PFC pyramidal neurons, but markedly increased sAP frequency in PV+ interneurons, and both effects were partially mediated by D 4 R activation. In the phencyclidine model of schizophrenia, the decreasing effect of D 4 R on sAP frequency in both types of PFC neurons was attenuated, whereas the increasing effect of D 4 R on sAP in PV+ interneurons was intact. These results suggest that D 4 R activation elicits distinct effects on synaptically driven excitability in PFC projection neurons versus fast-spiking interneurons, which are differentially altered in neuropsychiatric disorder-related conditions.
Introduction
The neocortex is composed of 2 major neuronal populations: glutamatergic pyramidal neurons and γ-aminobutyric acid (GABA)ergic interneurons. Although GABAergic interneurons only account for approximately 20% of the cortical neuronal population (Hendry et al. 1987) , they are critical elements of cortical circuits by providing feedforward and feedback inhibition and generating synchronous and rhythmic network activity (McBain and Fisahn 2001) . Selective alterations in GABAergic local-circuit neurons, GABA synthesis enzyme GAD67, GABA content, and GABA A receptors have been discovered in prefrontal cortex (PFC) of schizophrenic patients (Akbarian et al. 1995; Woo et al. 1998; Volk et al. 2000 Volk et al. , 2002 Hashimoto et al. 2003; Lewis et al. 2005) , suggesting that impairments in GABAergic inhibition in the PFC network might contribute to the aberrant neuronal synchrony and disrupted working memory in schizophrenia (Spencer et al. 2003; Lewis et al. 2012) .
Cortical GABAergic interneurons are heterogeneous in terms of morphological features, circuit connections, electrophysiological characteristics, and protein expression patterns (Hestrin 1993; Geiger et al. 1995; Markram et al. 2004; Cruikshank et al. 2007 ). Several calcium-binding proteins, such as parvalbumin, calbindin, and calrectinin, which are highly expressed in cortical GABAergic interneurons, are often used as markers to distinguish cortical interneurons (Kawaguchi and Kubota 1993, 1998; Cauli et al. 1997) . Parvalbumin-positive (PV+) interneurons have received special attentions because they possess powerful output synapses localized to the perisomatic region of target cells (Kawaguchi and Kubota 1993, 1998) and form dense gap-junctional connectivity with one another (Kawaguchi and Kubota 1997; Galarreta and Hestrin 1999) . PV+ interneuron dysfunction has been hypothesized to play a role in the pathogenesis of various neurological and psychiatric disorders, including schizophrenia, autism, and epilepsy (Beasley et al. 2002; Levitt et al. 2004 ; Lewis et al. 2005 Lewis et al. , 2012 Torrey et al. 2005; Walsh et al. 2008) .
Functions of PFC are strongly influenced by dopamine signaling (Sawaguchi and Goldman-Rakic 1991; Williams and Goldman-Rakic 1995; Wang et al. 2004; Vijayraghavan et al. 2007) . One of the dopamine receptor subtypes, the D 4 receptor (D 4 R), has been found to be enriched in PFC GABAergic interneurons and pyramidal neurons (Mrzljak et al. 1996; Wedzony et al. 2000) . The D 4 receptor is implicated in schizophrenia because of its high affinity to the uniquely effective antipsychotic drug clozapine (Van Tol et al. 1991; Kapur and Remington 2001) . Moreover, D 4 gene polymorphisms are strongly linked to attention deficit-hyperactivity disorder (LaHoste et al. 1996; Rowe et al. 1998; El-Faddagh et al. 2004; Li et al. 2006) . In this study, we examined the impact of D 4 receptors on cellular excitability, which is driven by the integration of excitatory and inhibitory synaptic inputs, in PFC pyramidal neurons and PV+ interneurons from normal animals and a model of schizophrenia.
Methods

Animals and Cell Identification
Transgenic mice expressing the enhanced green fluorescent protein (EGFP) in interneurons containing parvalbumin (G42, Jackson Lab.) were used in this study. G42 mice were engineered by the genomic incorporation of a 200-kb GAD1 bacterial artificial chromosome fused to the EGFP coding sequence (Chattopadhyaya et al. 2004; Gibson et al. 2009 ). Cortical expression of GFP-positive neurons was restricted to Layers 2/3, 5, and 6, with occasional expression in Layer 4 (Okaty et al. 2009 ). D 4 R knockout (KO) mice (Rubinstein et al. 1997 (Rubinstein et al. , 2001 were kindly provided by Dr Grandy (Oregon Health Sciences University, Portland, OR). PV mice (G42) were cross-bred with homozygous D 4 R KO mice to get D 4 R-deficient, PV+ neurons (GFP+) for recordings in some experiments.
Subchronic (5-day) phencyclidine (PCP) treatment was used to generate the mouse model of schizophrenia, as previously described (Javitt and Zukin 1991; Arvanov and Wang 1999; Wang et al. 2006) . Mice were i.p. injected (once daily) with PCP (Sigma) at a dose of 5 mg/kg for 5 days and sacrificed 24 h after the last injection.
Electrophysiological Recordings in Slices
Brain slices from 1-to 2-month-old mice were prepared as described previously Yuen et al. 2010) . All experiments were carried out with the approval of State University of New York at Buffalo Animal Care Committee. In brief, mice were first anesthetized by inhaling Halothane (Sigma) for approximately 30 s and decapitated quickly. Brains were quickly removed and cut into coronal slices (300 μm) using Vibratome (Leica VP1000S) in the ice-cold sucrose solution (in mM: 234 sucrose, 4 MgSO 4 , 2.5 KCl, 1 NaH 2 PO 4 , 0.1 CaCl 2 , 15 HEPES, 11 glucose, pH 7.4). Slices were then incubated for 1-3 h at room temperature (22-24°C) in artificial cerebrospinal fluid (ACSF) (in mM: 130 NaCl, 26 NaHCO 3 , 1 CaCl 2 , 2 MgCl 2 , 3 KCl, 10 glucose, 1.25 NaH 2 PO 4 ) bubbled with 95% O 2 , 5% CO 2 .
Whole-cell patch-clamp experiments were performed with a Multiclamp 700A amplifier and Digidata1322A data acquisition system (Molecular Devices). Neurons were visualized with the infrared differential interference contrast video microscopy. Large neurons with the triangle-shaped soma in the deep layer (Layer 5) of PFC were selected as pyramidal neurons. GFP-positive interneurons from PV mice (G42) were visualized with an upright microscope illuminated with a xenon lamp and equipped with a ×40 water-immersion lens and EGFP filters. Recording electrodes were pulled from borosilicate glass capillaries (1.5/0.86 mm OD/ID) with a micropipette puller (Sutter Instrument Co., Model P-97) and had a resistance of 3-4 MΩ.
To record the spontaneous action potential (sAP), we used a modified ACSF that slightly elevated basal neuronal activity (in mM: 130 NaCl, 26 NaHCO 3 , 2 CaCl 2 , 0.5 MgCl 2 , 3.5 KCl, 10 glucose, 1.25 NaH 2-PO 4 ), which more closely mimics the ionic composition of brain interstitial fluid in situ (1.0-1.2 mM Ca 2+ , 1 mM Mg 2+ , and 3.5 mM K + ) (Sanchez-Vives and McCormick 2000; Maffei et al. 2004 ). Spontaneous action potential was induced and recorded in the whole-cell current clamp mode with the internal solution containing (in mM): 20 KCl, 100 K-gluconate, 10 HEPES, 4 Mg-ATP, 0.5 Na 2 GTP, and 10 Naphosphocreatine (Maffei and Turigiano 2008) . This same internal solution was used for examining the passive membrane properties (see Table 1 ). Action potentials evoked by current injections were recorded in the whole-cell current clamp mode in regular ACSF (in mM: 130 NaCl, 26 NaHCO 3 , 1 CaCl 2 , 5 MgCl 2 , 3 KCl, 10 glucose, 1.25 NaH 2 PO 4 ). GABA A R antagonist Bicuculline (10 μM), AMPAR antagonist DNQX 
Data Analysis
Data were acquired using the software pClampex 9.2 (Molecular Device). Data-sampling frequency was 10 kHz, and filtering frequency was 1 kHz. Data analyses were performed with the Clampfit software (Molecular Devices), Mini Analysis Program (Synaptosoft), and KaleidaGraph software. Neuronal input resistance was determined by dividing the difference in membrane voltage in response to a hyperpolarizing current pulse that caused a voltage deflection (Yang et al. 1996) . Resting potentials were measured just after the patched membrane was ruptured by suction (Kawaguchi 1995) . Resting membrane potential, input resistance, and membrane capacitance were measured in regular ACSF. The sAP parameters were obtained by measuring and averaging 5 continuous action potentials at the stable state, as previously described (Cauli et al. 1997 ).
The baseline frequency of sAP was approximately1-2 Hz for pyramidal neurons and 2-5 Hz for PV+ interneurons. The inter-spike membrane potential was approximately −58 mV ( pyramidal) or approximately −56 mV (PV+) either without a holding current or with a small (<50 pA) adjusting current ( positive DC). The data were normalized to the average of baseline in control conditions before the drug applications.
In the analysis of spontaneous postsynaptic currents, we set up a threshold of amplitude for detecting the synaptic events. The threshold should be approximately 2 root mean squares of control baseline noise (Beierlein et al. 2003) . Accordingly, we set the threshold of sEPSC at 6 pA and the threshold of sIPSC at 8 pA. "Big" events were defined as those with amplitudes larger than the average baseline values of all events. "Big" events generally account for 30-40% of total events.
Agents such as PD168077, GBR-12909, sulpiride, SCH23390, L-745870, and dopamine were purchased from Tocris or Sigma. Stocks were made up as concentrated stocks in water or DMSO and stored at −20°C. Stocks were thawed and diluted immediately before use.
All data are expressed as the mean ± SEM. Mann-Whitney U tests (two-tailed, unpaired) were used to determine the significance of effects on action potentials. Kolmogorov-Smirnov (K-S) tests (twotailed, unpaired) were used to determine the significance of effects on sEPSC, mEPSC, sIPSC, or mIPSC. Since the data distribution in different animals was often found to be non-normal, non-parametric statistical analysis was performed with Kruskal-Wallis (K-W) tests to compare the effects between different groups. 
Results
D4R Activation Induced Distinct Effects on Spontaneous Action Potentials in PFC Pyramidal Neurons and Parvalbumin-Positive Interneurons
Compared with PFC pyramidal neurons, PV+ interneurons exhibited a lower input resistance and a smaller membrane capacitance (Table 1 ). The sAP in both neuronal types also exhibited different characteristics, with shorter spike half-time and smaller spike amplitude in PV+ interneurons than in pyramidal neurons (pyramidal: 1.8 ± 0.1 ms, 84.3 ± 1.8 mV, n = 11; PV+: 0.8 ± 0.05 ms, 69.7 ± 1.4 mV, n = 12, P < 0.05, K-W test). Application of AMPAR antagonist DNQX (50 μM, 10 min) totally abolished sAP in both types of PFC neurons (Fig. 1A-D) , indicating that the sAPs are determined by synaptic transmission.
Next, we examined the effect of D 4 R activation on sAPs in PFC pyramidal neurons and PV+ interneurons. As shown in Figure 2A -C, application of the specific D 4 R agonist PD168077 (40 μM, 10 min) significantly decreased sAP frequency in pyramidal neurons. It took approximately 5 min to induce an apparent effect, and the reduction reached the maximal level at approximately 8th min. In PV+ interneurons, PD168077 (40 μM, 10 min) induced a large increase, followed by a delayed decrease, of sAP frequency. The early increasing effect started to occur at approximately 1.5th min during agonist application, reached the maximal level at approximately 4.5th min, and disappeared at approximately 7th min. The late decreasing effect started to occur at approximately 8th min, reached the maximal level at approximately 9th-10th min, sustained for 5-8 min after PD168077 termination, and disappeared after 15-20 min of washing.
We further examined the dose dependence of PD168077 effects on sAP in both types of PFC neurons. As shown in Figure 2D , in pyramidal neurons, PD168077 induced a dosedependent reduction of sAP frequency (0.1 μM: 25.6 ± 1.9%, n = 6; 1 μM: 39.5 ± 4.8%, n = 9; 10 μM: 61.6 ± 3.8%, n = 8; 40 μM: 72.6 ± 8.2%, n = 16, P < 0.01, Mann-Whitney U test) with an EC 50 of 2.9 μM. In PV+ interneurons, PD168077 induced a dose-dependent (EC 50 : 2.3 μM) increase of sAP frequency in the early phase (0.1 μM: 44.3 ± 3.5%, n = 6; 1 μM: 104.4 ± 10.3%, n = 9; 10 μM: 211.7 ± 26.1%, n = 10; 40 μM: 296.8 ± 34.2%, n = 15, P < 0.01, Mann-Whitney U test), followed by a dosedependent (EC 50 : 3.7 μM) decrease of sAP frequency in the late phase (0.1 μM: 21.4 ± 1.3%, n = 5; 1 μM: 27.7 ± 2.1%, n = 9; 10 μM: 51.8 ± 5.6%, n = 10; 40 μM: 70.8 ± 8.2%, n = 15, P < 0.01, Mann-Whitney U test). The low dose of PD168077 (0.01 μM) had little effects in either of the neuronal types.
To determine whether activation of endogenous D 4 receptors also affects sAP, we applied the specific dopamine transporter inhibitor GBR-12909 (10 μM) to block the reuptake of dopamine. The D 2/3 antagonist sulpiride (5 μM) and D 1/5 antagonist SCH23390 (10 μM) were co-applied to block the activation of non-D 4 dopamine receptors. As shown in Figure 3 , GBR-12909 significantly decreased sAP frequency (48.2 ± 10.5%, n = 6, P < 0.01, Mann-Whitney U test) in pyramidal neurons, whereas it induced an initial increase (141.4 ± 30.1%, n = 7, P < 0.01, Mann-Whitney U test) and a delayed decrease (42.7 ± 7.6%, n = 7, P < 0.01, Mann-Whitney U test) of sAP frequency in PV+ interneurons, similar to what was seen with PD168077.
To further determine the involvement of D 4 Rs, we recorded D 4 R KO mice. As shown in Figure 4A -C, PD168077 failed to induce a significant effect on sAP frequency in pyramidal neurons from D 4 R KO mouse [wild-type (WT): 71.5 ± 8.2% decrease, n = 5; KO: 4.5 ± 8.5% decrease, n = 5, P < 0.01, K-W test]. Moreover, the effect of PD168077 in WT mice was blocked by the D 4 R antagonist L-745870 (20 μM, 6.4 ± 10.2% increase, n = 7, P < 0.01, K-W test, Fig. 4C ). In PV+ interneurons from D 4 R KO mice (Fig. 4D-F) , the effects of PD168077 on sAP frequency were also significantly smaller than those in WT mice (WT: 278.6 ± 51.7% early increase, 74.1 ± 7.3% late decrease, n = 5; KO: 28.6 ± 4.5% early increase, 17.3 ± 2.7% late decrease, n = 5, P < 0.01, K-W test). In addition, L-745870 largely blocked the effects of PD168077 in PV+ interneurons (12.7 ± 3.1% early increase, 9.2 ± 2.4% late decrease, n = 8, P < 0.01, K-W test, Fig. 4F ).
D4R Activation Induced Distinct Effects on Synaptic Currents in PFC Pyramidal Neurons and Parvalbumin-Positive Interneurons
Since sAP firing reflects circuit excitability induced by synaptic drives (Maffei et al. 2004) , we examined the effect of PD168077 on spontaneous excitatory and inhibitory postsynaptic currents (sEPSC and sIPSC) in both types of PFC neurons. In PFC pyramidal neurons, when data from all events were analyzed, PD168077 (40 μM, 10 min) reduced the amplitude and frequency of sEPSC and sIPSC slightly, but not significantly (Table 2 ). However, from the traces and cumulative distributions of synaptic currents, we found PD168077-induced prominent changes in those "big" synaptic events (with amplitudes larger than the mean values) that are supposed to play a major role in driving sAP firing. In pyramidal neurons, PD168077 significantly reduced the amplitude and frequency of "big" sEPSC (amplitude: 23.4 ± 2.2%, frequency: 35.4 ± 3.8%, n = 7, P < 0.05, K-S test, Fig. 5A ,C, Table 2 ) and "big" sIPSC (amplitude: 22.9 ± 1.8%, frequency: 30.6 ± 2.1%, n = 7, P < 0.05, K-S test, Fig. 5B ,C, Table 2 ). We also examined the effect of PD168077 on miniature synaptic currents, a synaptic response resulting from quantal release of single glutamate vesicles. In PFC pyramidal neurons, PD168077 (40 μM, 10 min) significantly reduced the amplitude and frequency of mEPSC (Fig. 5D ,F, amplitude: 19.8 ± 0.9%, frequency: 25.3 ± 1.8%, n = 9, P < 0.05, K-S test) and significantly decreased the amplitude, but not frequency, of mIPSC (Fig. 5E , F, amplitude: 21.3 ± 0.7%, n = 8, P < 0.05, K-S test). It suggests that D 4 R activation may affect excitatory transmission via both pre-and post-synaptic mechanisms, whereas it influences inhibitory transmission mainly postsynaptically in pyramidal neurons. Thus, D4R activation decreases both excitatory and inhibitory synaptic transmission in pyramidal neurons, and the integrated results may cause the decrease of sAP frequency.
In PV+ interneurons, the effects of PD168077 (40 μM, 10 min) on sEPSC and sIPSC were not statistically significant when data from all events were analyzed (Table 2) . However, PD168077 induced a significant time-dependent biphasic effects on "big" sEPSC (Fig. 5G,I , early increase: 22.1 ± 1.4% [amplitude], 35.5 ± 3.6% [frequency]; late decrease: 19.6 ± 0.9% [amplitude], 24.9 ± 1.5% [frequency], n = 7, P < 0.05, K-S test, Table 2 ) and "big" sIPSC (Fig. 5H,I , early decrease: 23.4 ± 1.7% [amplitude], 32.5 ± 2.7% [frequency]; late increase: 21.6 ± 2.4% [amplitude], 41.6 ± 3.5% [frequency], n = 7, P < 0.05, K-S test, Table 2 ). Moreover, PD168077 significantly increased the frequency, but not amplitude, of mEPSC in the early phase and significantly decreased the amplitude, but not frequency, of mEPSC in the late phase (Fig. 5J ,L, early increase: 46.3 ± 4.7% [frequency], late decrease: 24.2 ± 1.9% [amplitude] , n = 9, P < 0.05, K-S test), suggesting that the effect of D 4 R on excitatory transmission may be presynaptic in the early phase and postsynaptic in the late phase. For mIPSC in PV+ interneurons, PD168077 did not significantly change the amplitude or frequency of mIPSC in the early phase but significantly increased the amplitude and frequency in the late phase (Fig. 5K ,L, 25.1 ± 2.1% [amplitude], 67.2 ± 10.8% [frequency], n = 10, P < 0.05, K-S test), suggesting that D 4 R induces a delayed potentiation of inhibitory transmission via both pre-and post-synaptic mechanisms. Thus, in PV+ interneurons, the initial increase of excitatory drive and decrease of inhibitory drive may be responsible for the early increase of sAP frequency, whereas the delayed decrease of excitatory drive and increase of inhibitory drive may lead to the lower sAP frequency in the later phase of D 4 R activation.
D4R Activation did not Affect Intrinsic Excitability in PFC Pyramidal Neurons and Parvalbumin-Positive Interneurons
The effect of D 4 R activation on sAPs could be due to the D 4 R-induced changes in synaptic transmission or intrinsic membrane properties. To test this, we examined the action potential induced by injected depolarizing current steps in the presence of excitatory and inhibitory synaptic blockers. As shown in Figure 6 , PD168077 (40 μM, 10 min) did not induce any significant changes in the frequency of evoked action potential in both types of PFC neurons ( pyramidal: 3.7 ± 1.3% decrease, n = 9; PV+: 4.1 ± 1.8% increase, n = 8, P > 0.05, MannWhitney U test). It suggests that the D 4 R regulation of sAP relies on the changes in PFC synaptic transmission.
Dopamine Induced Distinct Effects on Spontaneous
Action Potentials in PFC Pyramidal Neurons and Parvalbumin-Positive Interneurons, which was Partially Regulated by D 4 Rs Next, we examined the impact of dopamine on sAP in PFC neurons and the involvement of D 4 R. As shown in Figure 7A ,B, application of dopamine (1 μM, 10 min) significantly decreased sAP frequency in pyramidal neurons (68.7 ± 5.8%, n = 10, P < 0.01, Mann-Whitney U test, Fig. 7E ), Averaged values of the total synaptic events and the subpopulation of "big" synaptic events (with amplitudes bigger than the mean) in each cell are included.
which was significantly attenuated by application of the D 4 R antagonist L-745870 (20 μM) (37.6 ± 2.9%, n = 11, P < 0.05, K-W test, Fig. 7E ), suggesting that D 4 R-mediated reduction of sAP in pyramidal neurons partially mediates the reducing effect of dopamine. In PV+ interneurons (Fig. 7C,D) , application of dopamine (1 μM, 10 min) induced a large increase of sAP frequency, and L-745870 (20 μM) significantly diminished the increasing effect at the early stage (DA: 10.5 ± 1.2-fold increase, DA + L745: 6.8 ± 0.8-fold increase, n = 12, P < 0.05, K-W test, Fig. 7E ), suggesting that D 4 R-mediated early increase of sAP in PV+ interneurons partially mediates the early effect of DA. Moreover, L-745870 prevented the reduction of sAP frequency after DA termination (DA: 7.4 ± 0.7-fold increase, n = 10, DA + L745: 11.8 ± 0.9-fold increase, n = 12, P < 0.05, K-W test, Fig. 7E ), suggesting that D 4 R-mediated late and sustained decrease of sAP in PV+ interneurons partially mediates the late effect of DA. Although dopamine (1 μM) produced strong effects on spontaneous AP frequency, it did not induce any effects on evoked AP frequency (Fig. 7F , pyramidal, n = 8; PV+, n = 9). 
D4R Regulation of PFC Pyramidal Neurons and Parvalbumin-Positive Interneurons is Altered in the PCP Model of Schizophrenia
To test whether the physiological effects of D 4 R activation are altered in neuropsychiatric disorders, we used the PCP model of schizophrenia. Mice were i.p. injected once daily with PCP (5 mg/kg) for 5 days. Subchronic administration of this dose of PCP to rodents induces a variety of behavioral and biochemical changes reminiscent of schizophrenia in humans (Jentsch et al. 1997 (Jentsch et al. , 1998 Adams and Moghaddam 1998; Moghaddam and Adams 1998) , thus has been widely used as a pharmacological model of schizophrenia (Jentsch and Roth 1999) . We first compared the excitability of PFC neurons in mice injected with saline versus PCP. No significant difference on sAP frequency was found in pyramidal neurons from saline-versus PCP-injected mice (saline: 1.1 ± 0.3 Hz, n = 5; PCP: 0.8 ± 0.5 Hz, n = 5, P > 0.05, K-W test). In PV+ interneurons from PCP-injected mice, sAP showed more clustered firing, but the overall sAP frequency was not significantly changed (saline: 2.5 ± 0.9 Hz, n = 6; PCP: 3.6 ± 1.3 Hz, n = 6, P > 0.05, K-W test). Next, we compared the effects of PD16077 on sAP frequency in PFC neurons from mice injected with saline versus PCP. As shown in Figure 8 , in pyramidal neurons, the decreasing effect of PD168077 on sAP frequency was significantly smaller in PCP-injected mice (saline: 76.8 ± 7.9%, n = 5; PCP: 42.1 ± 10.4%, n = 6, P < 0.05, K-W test). In PV+ interneurons, the early increasing effects of PD168077 on sAP frequency were unchanged (saline: 275.6 ± 38.3%, n = 5; PCP: 282.8 ± 44.3%, n = 5); however, the late decreasing effects of PD168077 on sAP frequency were significantly attenuated by PCP injection (saline: 68.6 ± 9.8%, n = 5; PCP: 28.4 ± 13.3%, n = 5, P < 0.05, K-W test).
Discussion
GABAergic interneurons in PFC are crucial for the gamma oscillations, which reflect the synchronization of pyramidal neuron activity during working memory, a major cognitive process subserved by PFC (Tallon-Baudry et al. 1998; Rao et al. 2000; Constantinidis et al. 2002; Howard et al. 2003) . Fast-spiking PV-positive cells, the most prevalent interneuron subtype in neocortex, are robustly inhibited following activation of muscrinic, serotonin, adenosine, and GABA B receptors (Kruglikov and Rudy 2008) . These neuromodulators, therefore, have a profound influence on the feedforward inhibition and rhythmic network activity. Dopamine D 4 Rs are abundantly expressed in PFC GABAergic interneurons (Mrzljak et al. 1996) ; however, their functional role in this neuronal population has been largely unknown. In this study, we have found that D 4 receptor activation induces a fast and transient increase followed by a delayed decrease of the excitability of PV+ interneurons, which is distinct from its slow decreasing effect on the excitability of PFC pyramidal neurons. Since PV+ interneurons innervate the perisomatic region of pyramidal neurons and are responsible for the dominant part of the inhibition converging onto these projection neurons (Kawaguchi and Kubota 1993, 1998; Kruglikov and Rudy 2008) , the D 4-R-induced initial increase of PV+ interneuron excitability could lead to the potent suppression of PFC network activity and output signal. At the later stage of D 4 R activation, the decreased excitability of both PV+ interneurons and pyramidal neurons suggests that D 4 receptors serve as a key factor to dampen or balance the activity of PFC network. It provides a potential explanation for the cortical hyperexcitability exhibited in D 4 R-deficient mice (Rubinstein et al. 2001) .
Circuit excitability is driven by the integration of excitatory and inhibitory synaptic inputs (Maffei et al. 2004) . We have found that the distinct effects of D 4 R on sAP firing of PV+ interneurons and pyramidal neurons can be explained by the correlated changes on excitatory and inhibitory synaptic currents in response to D 4 R activation in both cell types. Our previous studies have focused on the impact of D 4 receptors on glutamatergic and GABAergic synaptic transmission in PFC pyramidal neurons (Wang et al. 2002 (Wang et al. , 2006 Graziane et al. 2009; Yuen et al. 2010; Yuen and Yan 2011) . In regular or high-activity PFC slices, a D 4 R-mediated reduction of AMPAR-EPSC and GABA A R-IPSC was often observed (Wang et al. 2002; Graziane et al. 2009; Yuen et al. 2010; Yuen and Yan 2011) , consistent with the D 4 R reduction of sEPSC, sIPSC, mEPSC, and mIPSC in PFC pyramidal neurons observed here. In PFC somatostatinpositive interneurons, we have found that D 4 R activation induces a persistent depression of AMPAR transmission . Interestingly, D 4 R induces biphasic effects on synaptic currents in PFC PV+ interneurons, with an initial sEPSC increase and sIPSC decrease and a delayed sEPSC decrease and sIPSC increase observed. The effects of D 4 R on mEPSC and mIPSC suggest the involvement of pre-and/or post-synaptic mechanisms. One potential underlying mechanism could be the alteration of trafficking and function of postsynaptic AMPA and GABA A receptors by D 4 R signaling involving kinases/phosphatases and cytoskeleton proteins (Wang et al. 2002; Graziane et al. 2009; Yan 2009, 2011; Yuen et al. 2010) . Alternatively, D 4 R-induced changes in presynaptic release of glutamate and GABA due to the regulation of specific K + channels and/or Ca 2+ channels (Pillai et al. 1998; Wilke et al. 1998; Ramanathan et al. 2008 ) may also play an important role here.
Given that D 4 Rs presumably act together with all other dopamine receptors, we performed experiments with dopamine application to assess how much of the neuronal excitability is associated with D 4 R activation. Surprisingly, application of a low dose of dopamine (1 uM) induced a large (∼70%) decrease of sAP frequency in PFC pyramidal neurons and a huge (∼10-fold) increase of sAP frequency in PV+ interneurons, whereas it failed to alter evoked AP in either cell type. It suggests that the low dose of dopamine mainly affects synaptically driven excitability in PFC neurons. Blocking D 4 Rs significantly attenuated the decreasing effect of dopamine on sAP in PFC pyramidal neurons, and the increasing effect of dopamine on sAP at the early and late stages in PV+ interneurons, suggesting the important involvement of D 4 Rs in the action of dopamine.
Alterations in both pre-and post-synaptic markers of the strength of GABAergic inputs from PV+ neurons to pyramidal neurons have been discovered in PFC of subjects with schizophrenia (Lewis et al. 2011) . Physiological changes in both cell types in schizophrenia conditions are not well known. In this study, we have found altered effects of D 4 R on the excitability of these neurons from a model of schizophrenia. While the transient increasing effect of D 4 R in PV+ interneurons is intact, the delayed decreasing effect of D 4 R in both cell types is significantly lost. These alterations may contribute to the aberrant activity of PFC circuits and impaired gamma oscillations in schizophrenia (Uhlhaas and Singer 2006; Frantseva et al. 2012; Lewis et al. 2012 ). In summary, our results have demonstrated that the glutamatergic synapse-whether from pyramidal neuron to pyramidal neuron or from pyramidal neuron to interneuron-is a crucial point of action of the D 4 receptors.
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